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Abstract
We report a new measurement of Rb = ΓZo→bb/ΓZ0→hadrons using a double
tag technique where the b selection is based on topological reconstruction
of the mass of the B-decay vertex. The measurement was performed
using a sample of 150k hadronic Z0 events collected with the SLD at the
SLAC Linear Collider during the years 1993-1995. The method utilizes
the 3-D vertexing abilities of the SLD CCD pixel vertex detector and the
small stable SLC beams to obtain a high b tagging efficiency of 37% for
a purity of 97.2%. The high purity reduces the systematics introduced
by charm contamination and correlations with Rc. We obtain a result of
Rb = 0.2176 ± 0.0033stat. ± 0.0017syst. ± 0.0008Rc .
Presented at the XXXIst Rencontres de Moriond Electroweak Interactions and
Unified Theories,
Les Arcs, Savoie, France, March 16-23, 1996.
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1 Introduction
The fraction Rb of Z
0 → bb events in the hadronic Z0 decays is of special in-
terest in the Standard Model (SM). Since this is a ratio between two hadronic
rates, uncertainties from the unknown oblique or QCD corrections mostly cancel.
Therefore given the mass of the top (measured by CDF and D0 [2]) it provides
through the Zbb vertex radiative corrections a sensitive environment to detect
a signal for physics beyond the SM. The LEP and SLD measurements on va-
riety of Z0 coupling parameters have provided precise confirmations of the SM
predictions. Hence the current average value of Rb measurements [1], which is
more than 3σ higher than the SM expectation, is very valuable window in the
electroweak tests of the SM.
Our bb event selection utilizes a double tag technique where one attempts to
identify separately the two B hadrons in the event. It allows measurement of
both the Rb value and the efficiency for identifying a b decay directly from the
data. Most recent precise LEP [3] and SLD [4, 5] Rb measurements have exploited
the long lifetime of the B-hadrons to distinguish between the b and the charm or
lighter quark events. The elimination of charm is critical in obtaining precision
Rb measurements due to the dominance of charm decay modeling uncertainties in
the overall Rb uncertainty. LEP measurement are already systematically limited
mainly by the charm contamination. Hence a new b tag technology is required
to improve the current level of precision. To increase significantly both the ef-
ficiency and the purity of bb identification our new measurement uses the CCD
pixel vertex detector (VXD) to reconstruct the mass of the secondary vertex.
In this paper we will show that using this mass tag we have obtained an Rb
measurement with the best total systematic uncertainty of all current Rb mea-
surements, and will, with data from future SLD runs, become the most precise
single measurement of Rb.
2 SLD Detector
The SLD detector has been described in reference [6], and only components
important to this analysis are briefly reviewed here. Charged particle tracking
was performed using the Central Drift Chamber (CDC) [7] surrounded by a 0.6 T
solenoidal magnetic field. The vertex detector(VXD [8]) is of special importance
for this measurement. It consists of 480 charged coupled devices (CCDs) with
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2 hits in the angular region of cos θ < 0.74 and 1 hit within cos θ < 0.8. Each
CCD is an array of 385× 578 square pixels of size 22µm× 22µm. The CCDs are
arranged in four concentric layers at a radii from 29.5 mm to 41.5mm from the
beam line. A typical tracks produces hits in two or three of these layers. SLC
provides SLD with a small and very stable interaction point (IP) (< rms >xyz≈
2.4×0.8×700 µm3). σIPxy measured with reconstructed tracks from∼30 sequential
hadronic Z0 events is 7 ± 2 µm and the z position measured on event-by-event
basis is σIPz = 38 µm. The impact parameter resolution in plane perpendicular
to (containing) the beam axis is σrφ[µm] = 11 ⊕ 70/p sin
3/2 θ (σrz[µm] = 37 ⊕
70/p sin3/2 θ) where p is in GeV/c. The energy deposition in the Liquid Argon
Calorimeter (LAC) [9] was used in the event trigger and in the calculation of the
event thrust axis.
3 Analysis Method
3.1 Topological Vertexing
SLD has already presented a measurement of Rb using the now standard lifetime
double tag methods [5]. The current analysis is performed in a similar manner
except the b-tag on the track impact parameter to the interaction point is replaced
by a b-tag using the reconstructed mass of the secondary vertex.
The identification of the vertices is performed using a topological vertexing
procedure [10]. It searches for 3-D high track overlapping density location from
the single track probability (resolution) function. An event is divided in to two
hemispheres with the axis defined by the highest momentum jet. The vertex
finding for a hemisphere is done using only tracks within the hemisphere, and
the measured IP. A secondary (+tertiary) vertex is found in 45% (5%) of the b
hemispheres. The seed vertex (SV) is defined as the most significant non-primary
vertex [10]. Hence, a SV is identified in 50% of the b hemispheres (and in 15% and
2% of the charm and the light quark hemispheres respectively). The tracks from
a b decay chain do not originate from a common vertex and will not necessarily
be associated with the SV. All unassociated tracks are checked for consistency
with the SV, looking at the point of closest approach with respect to the vertex
flight direction.
To obtain the vertex mass, all tracks associated with the SV and consistent
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with it are assigned the mass of a pion and used to calculate the invariant vertex
mass. The mass distribution in our data compared to Monte Carlo (MC) is
shown in Fig. 1a.
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Figure 1: Vertex mass distribution (a), and the Pt corrected
mass distribution (b). The data is plotted with boxes where
MC b, c, and uds are represented by the open, hatched and
cross hatched histograms respectively.
3.2 The Mass Tag
The MC reconstructed mass distributions show that a sharp cut-off just above
the charm mass exists, beyond which almost only b decays are found (see Fig. 1a).
However since we are using charged track information to reconstruct the B mass,
only half of the reconstructed b masses are beyond the natural charm edge. One
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can still improve the b tagging performance by including additional kinematic
information to compensate for the loss of neutral particles energy information.
Comparison between the direction of the SV displacement from the primary
vertex (PV) and the direction of the sum of momenta of the associated charged
tracks results in the missing transverse momentum. Including the transverse
momentum Pt as the minimum missing momentum we can define our tagging
parameterM to be:
M≡
√
P 2t +M(tracks)2 + |Pt| ≤MB (1)
This procedure increases mass for the b hemispheres significantly, especially
affects those Bs with small charged tracks invariant mass, while charm decays
close to the full charm mass will gain relatively little. However, the errors in the
derivation of either the PV or the SV may cause some low mass charm events
or uds events to gain enough Pt to enter to the selected sample. Therefore, in
order to prevent fluctuations in the Pt distribution to contaminate our sample
the following constraints are added: The contribution that is consistent with
coming from the errors on one of the two vertices is subtracted from the missing
Pt. The new M is limited to less than twice the original mass derived from
charged tracks. The improvement of the tagging performance is demonstrated
in Fig. 1b.
3.3 Rb Measurement
After partitioning events into hemispheres, Rb is measured from Fs, the rate at
which hemispheres pass the mass tag cut (single tags), and Fd, the rate at which
both hemispheres in an event pass the mass tag cut (double tags).
Fs = ǫbRb + ǫcRc + ǫuds(1−Rb − Rc), (2)
Fd = (ǫb
2 + λb(ǫb − ǫb
2))Rb + ǫc
2Rc + ǫuds
2(1−Rc − Rb).
Estimations for the light quarks and charm tagging rates (ǫuds, ǫc) and the hemi-
sphere b-tagging efficiency correlation (λb) are derived from our Monte Carlo,
where for Rc we assume the SM value. Measuring the two tagging rates al-
lows ǫb, the hemisphere b-tagging efficiency, to be calculated directly from data
simultaneously with Rb itself:
Rb =
(Fs − Rc(ǫc − ǫuds)− ǫuds)
2
Fd − Rc(ǫc − ǫuds)2 + ǫuds2 − 2FsǫudsλbRb(ǫb − ǫb2)
, (3)
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ǫb =
Fd − Rcǫc(ǫc − ǫuds)− Fsǫuds − λbRb(ǫb − ǫb
2)
Fs − Rc(ǫc − ǫuds)− ǫuds
,
thus eliminating the influence of uncertainties in b decay modeling except in the
correlation term λb. The correlation which expresses the difference between the
efficiency of tagging the two hemispheres in b event (ǫb
double) and ǫb
2 is given by:
λb =
ǫb
double − ǫb
2
ǫb − ǫb2
. (4)
3.4 b Tag Performance
The b hemisphere tagging efficiency and purity as a function of the cut on M
are shown in Fig. 2 along with the efficiencies estimated for charm and uds
hemispheres. At a mass cut of 2 GeV a b-tag efficiency of 37% and a b purity of
97.2% is achieved. The measured ǫb from the data agrees with the MC estimate
reasonably well. This far exceeds the performance we previously obtained using
the impact parameter double tag (ǫb
lifetime = 31%, Πb
lifetime = 94%) [5].
From the single and double hemisphere b tagging efficiencies we obtain the b
hemisphere efficiency correlation λb = 0.47%.
A total of 71000 events passing the standard SLD hadronic events selection
(see e.g. [5]) were included in this analysis to obtain Rb = 0.2176 ± 0.0033stat.
The Rb measurement is performed also with different mass cut values and the
variation in Rb is found to be consistent with statitics.
3.5 Systematic Uncertainties
The systematic uncertainty is a combination of detector related effects such as
tracking efficiency and resolution, as well as physics effect while the effect of
Rc uncertainty is treated separately. The physics systematic studies are similar
to those of previous Rb measurements at LEP and SLD [3, 5] and the error is
a combination of uncertainties from the estimation of the correlations and the
modeling of the charm and uds. The curves in Fig. 3 show all the detector,
physics and Rc systematic and the statistical uncertainties versus theM cut. It
demonstrates how charm systematics dominate for a loose M cut, while after
the natural charm mass cut-off the statistical uncertainty is the primary limi-
tation. The contributions to the systematic uncertainty at the optimal cut are
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Figure 2: As a function of theM cut the purity of the b sample
(Πb) and the efficiency for tagging light flavours (ǫc, ǫuds) are
shown together with the b-tag efficiency (ǫb) as measured in the
data (black stars) and as estimated from MC (open circles).
summarized in Table 1. At this cut the combined uncertainty from all systematic
sources including detector, physics and Rc is δRb/Rb = 0.83%.
4 Conclusions
The current world average Rb measurement is more than 3σ higher than the
SM expectation value. Previous LEP and SLD measurements were generally
systematically limited mainly by the charm systematic uncertainty. High resolu-
tion topological vertexing and precision knowledge of the SLD interaction point
allow a new high purity b-tag to provide a low systematic approach for preci-
sion Rb measurement. Analyzing 1993 to 1995 data, SLD has measured a new
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Figure 3: Rb statistical and systematic uncertainties versus M cut.
preliminary Rb value:
Rb = 0.2176± 0.0033stat. ± 0.0017syst. ± 0.0008Rc
This value supersedes our previous Rb measurement. With a new vertex detector
and more data SLD is expected to perform a measurement of Rb to a precision
of < 1%.
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Detector Systematics
Systematic δRb/Rb Systematic δRb/Rb
Efficiency Corrections 0.21%
Z Impact Resolutions 0.48% Beam Position Tails 0.08%
Total Detector Systematics 0.53%
Physics Systematics
Systematic δRb/Rb Systematic δRb/Rb
Correlation Systematics 0.37% Charm Systematics 0.36%
Light Quark Systematics 0.19% Rc = 0.171± 0.014 0.34%
Total Physics (excluding Rc) Systematics 0.55%
Table 1: Summary of contributions to the systematic error atM⌋⊓⊔ = 2.0 GeV
References
[1] M. Hildreth “The current Status of theRb andRc puzzle”, pro-
ceeding of XXXIst Rencontres de Moriond, Les Arcs, Savoie,
France, March 16-23, 1996.
[2] CDF Collab. F. Abe et. al, Phys. Rev. Lett. 74 (1995) 2626;
D0 Collab. S. Abachi et. al., Phys. Rev. Lett. 74 (1995) 2637;
updated this conference by R. Hall (D0) and F. Tartarelli
(CDF), proceeding of XXXIst Rencontres de Moriond, Les
Arcs, Savoie, France, March 16-23, 1996.
[3] ALEPH Collab. D. Buskulic et. al, Phys. Lett. B313 (1993)
535;
OPAL Collab. P. D. Acton et. al, Z. Phys. C60 (1993) 579;
OPAL Collab. D. Akers et. al, Z. Phys. C65 (1994) 17;
DELPHI Collab. P. Abreu et. al, Z. Phys. C65 (1995) 555.
[4] SLD Collab. K. Abe et. al., Phys. Rev. D53, (1996) 1023.
[5] SLD Collab. K. Abe et. al., “The Lifetime Probability Tag
Measurement of Rb using the SLD”, SLAC-PUB-95-7004, pro-
ceedings of the International Europhysics Conference on High
Energy Physics, Brussels, Belgium, July 1995.
9
[6] G. Agnew et. al., SLD Design Report, SLAC-0273 (1984).
[7] M. Fero et. al., Nucl. Inst. & Meth. A367 (1995) 111.
[8] G. Agnew et. al., SLAC-PUB-5906; C.J.S. Damerell et. al.
in proceedings of the 26th International Conference on High
Energy Physics, Dallas (1992) vol. 2 p. 1862.
[9] D. Axon et. al., Nucl. Inst. & Meth. A238 (1993) 472.
[10] D. Jackson “A Topological Vertex Reconstruction Algorithm
for Hadronic Jets”, to be submitted to Nucl. Inst. & Meth.
The SLD Collboration
∗ K. Abe,(19) K. Abe,(29) I. Abt,(13) T. Akagi,(27) N.J. Allen,(4) W.W. Ash,(27)†
D. Aston,(27) K.G. Baird,(24) C. Baltay,(33) H.R. Band,(32) M.B. Barakat,(33)
G. Baranko,(9) O. Bardon,(15) T. Barklow,(27) A.O. Bazarko,(10) R. Ben-David,(33)
A.C. Benvenuti,(2) G.M. Bilei,(22) D. Bisello,(21) G. Blaylock,(6) J.R. Bogart,(27)
B. Bolen,(17) T. Bolton,(10) G.R. Bower,(27) J.E. Brau,(20) M. Breidenbach,(27)
W.M. Bugg,(28) D. Burke,(27) T.H. Burnett,(31) P.N. Burrows,(15) W. Busza,(15)
A. Calcaterra,(12) D.O. Caldwell,(5) D. Calloway,(27) B. Camanzi,(11)
M. Carpinelli,(23) R. Cassell,(27) R. Castaldi,(23)(a) A. Castro,(21) M. Cavalli-Sforza,(6)
A. Chou,(27) E. Church,(31) H.O. Cohn,(28) J.A. Coller,(3) V. Cook,(31) R. Cotton,(4)
R.F. Cowan,(15) D.G. Coyne,(6) G. Crawford,(27) A. D’Oliveira,(7)
C.J.S. Damerell,(25) M. Daoudi,(27) R. De Sangro,(12) R. Dell’Orso,(23) P.J. Dervan,(4)
M. Dima,(8) D.N. Dong,(15) P.Y.C. Du,(28) R. Dubois,(27) B.I. Eisenstein,(13)
R. Elia,(27) E. Etzion,(4) D. Falciai,(22) C. Fan,(9) M.J. Fero,(15) R. Frey,(20)
K. Furuno,(20) T. Gillman,(25) G. Gladding,(13) S. Gonzalez,(15) G.D. Hallewell,(27)
E.L. Hart,(28) J.L. Harton,(8) A. Hasan,(4) Y. Hasegawa,(29) K. Hasuko,(29)
S. J. Hedges,(3) S.S. Hertzbach,(16) M.D. Hildreth,(27) J. Huber,(20) M.E. Huffer,(27)
E.W. Hughes,(27) H. Hwang,(20) Y. Iwasaki,(29) D.J. Jackson,(25) P. Jacques,(24)
J. A. Jaros,(27) A.S. Johnson,(3) J.R. Johnson,(32) R.A. Johnson,(7) T. Junk,(27)
R. Kajikawa,(19) M. Kalelkar,(24) H. J. Kang,(26) I. Karliner,(13) H. Kawahara,(27)
H.W. Kendall,(15) Y. D. Kim,(26) M.E. King,(27) R. King,(27) R.R. Kofler,(16)
N.M. Krishna,(9) R.S. Kroeger,(17) J.F. Labs,(27) M. Langston,(20) A. Lath,(15)
J.A. Lauber,(9) D.W.G.S. Leith,(27) V. Lia,(15) M.X. Liu,(33) X. Liu,(6) M. Loreti,(21)
A. Lu,(5) H.L. Lynch,(27) J. Ma,(31) G. Mancinelli,(22) S. Manly,(33) G. Mantovani,(22)
T.W. Markiewicz,(27) T. Maruyama,(27) H. Masuda,(27) E. Mazzucato,(11)
10
A.K. McKemey,(4) B.T. Meadows,(7) R. Messner,(27) P.M. Mockett,(31)
K.C. Moffeit,(27) T.B. Moore,(33) D. Muller,(27) T. Nagamine,(27) S. Narita,(29)
U. Nauenberg,(9) H. Neal,(27) M. Nussbaum,(7) Y. Ohnishi,(19) L.S. Osborne,(15)
R.S. Panvini,(30) H. Park,(20) T.J. Pavel,(27) I. Peruzzi,(12)(b) M. Piccolo,(12)
L. Piemontese,(11) E. Pieroni,(23) K.T. Pitts,(20) R.J. Plano,(24) R. Prepost,(32)
C.Y. Prescott,(27) G.D. Punkar,(27) J. Quigley,(15) B.N. Ratcliff,(27) T.W. Reeves,(30)
J. Reidy,(17) P.E. Rensing,(27) L.S. Rochester,(27) P.C. Rowson,(10) J.J. Russell,(27)
O.H. Saxton,(27) T. Schalk,(6) R.H. Schindler,(27) B.A. Schumm,(14) S. Sen,(33)
V.V. Serbo,(32) M.H. Shaevitz,(10) J.T. Shank,(3) G. Shapiro,(14) D.J. Sherden,(27)
K.D. Shmakov,(28) C. Simopoulos,(27) N.B. Sinev,(20) S.R. Smith,(27) M.B. Smy,(8)
J.A. Snyder,(33) P. Stamer,(24) H. Steiner,(14) R. Steiner,(1) M.G. Strauss,(16)
D. Su,(27) F. Suekane,(29) A. Sugiyama,(19) S. Suzuki,(19) M. Swartz,(27)
A. Szumilo,(31) T. Takahashi,(27) F.E. Taylor,(15) E. Torrence,(15) A.I. Trandafir,(16)
J.D. Turk,(33) T. Usher,(27) J. Va’vra,(27) C. Vannini,(23) E. Vella,(27) J.P. Venuti,(30)
R. Verdier,(15) P.G. Verdini,(23) S.R. Wagner,(27) A.P. Waite,(27) S.J. Watts,(4)
A.W. Weidemann,(28) E.R. Weiss,(31) J.S. Whitaker,(3) S.L. White,(28)
F.J. Wickens,(25) D.A. Williams,(6) D.C. Williams,(15) S.H. Williams,(27)
S. Willocq,(33) R.J. Wilson,(8) W.J. Wisniewski,(27) M. Woods,(27) G.B. Word,(24)
J. Wyss,(21) R.K. Yamamoto,(15) J.M. Yamartino,(15) X. Yang,(20) S.J. Yellin,(5)
C.C. Young,(27) H. Yuta,(29) G. Zapalac,(32) R.W. Zdarko,(27) C. Zeitlin,(20)
and J. Zhou,(20)
(1)Adelphi University, Garden City, New York 11530
(2)INFN Sezione di Bologna, I-40126 Bologna, Italy
(3)Boston University, Boston, Massachusetts 02215
(4)Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom
(5)University of California at Santa Barbara, Santa Barbara, California 93106
(6)University of California at Santa Cruz, Santa Cruz, California 95064
(7)University of Cincinnati, Cincinnati, Ohio 45221
(8)Colorado State University, Fort Collins, Colorado 80523
(9)University of Colorado, Boulder, Colorado 80309
(10)Columbia University, New York, New York 10027
(11)INFN Sezione di Ferrara and Universita` di Ferrara, I-44100 Ferrara, Italy
(12)INFN Lab. Nazionali di Frascati, I-00044 Frascati, Italy
(13)University of Illinois, Urbana, Illinois 61801
(14)Lawrence Berkeley Laboratory, University of California, Berkeley, California
94720
(15)Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
11
(16)University of Massachusetts, Amherst, Massachusetts 01003
(17)University of Mississippi, University, Mississippi 38677
(19)Nagoya University, Chikusa-ku, Nagoya 464 Japan
(20)University of Oregon, Eugene, Oregon 97403
(21)INFN Sezione di Padova and Universita` di Padova, I-35100 Padova, Italy
(22)INFN Sezione di Perugia and Universita` di Perugia, I-06100 Perugia, Italy
(23)INFN Sezione di Pisa and Universita` di Pisa, I-56100 Pisa, Italy
(24)Rutgers University, Piscataway, New Jersey 08855
(25)Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX United
Kingdom
(26)Sogang University, Seoul, Korea
(27)Stanford Linear Accelerator Center, Stanford University, Stanford, California
94309
(28)University of Tennessee, Knoxville, Tennessee 37996
(29)Tohoku University, Sendai 980 Japan
(30)Vanderbilt University, Nashville, Tennessee 37235
(31)University of Washington, Seattle, Washington 98195
(32)University of Wisconsin, Madison, Wisconsin 53706
(33)Yale University, New Haven, Connecticut 06511
†Deceased
(a)Also at the Universita` di Genova
(b)Also at the Universita` di Perugia
12
